A two-dimensional silica colloidal particle was used to etch a p-GaN surface. By treating the p-GaN surface with polyelectrolyte (PE), mono-dispersed silica colloidal particles, 500 nm in diameter, could be uniformly distributed on a 2-in. p-GaN surface. The patterns on the p-GaN surface were produced by a plasma etching process using these colloidal particles as a mask. Etching depths of 150 and 200 nm were produced on the p-GaN surface of LED samples and an increase in the optical output power of 46.7% was observed compared to a reference sample without patterns on the p-GaN surface.
Introduction
GaN-based compound semiconductors are of great technological importance because of their applications in optoelectronic devices, such as blue light emitting diodes (LEDs) and blue laser diodes (LDs). 1) In particular, the fabrication of high brightness LEDs is essential for solidstate lighting applications. The achievement of high extraction efficiency in LED structures is important in developing such LEDs. It has been shown that high extraction efficiency in GaN-based LEDs can be obtained by several methods, such as the use of the flip-chip configuration, 2, 3) low resistance ohmic contact, 4, 5) micro-spheres microlens arrays, 6) and patterning the LED surface. [7] [8] [9] [10] [11] [12] According to Snell's law, 13) the external quantum efficiency is much lower than the internal quantum efficiency in LEDs due to multiple reflections in a lateral direction. For that reason, patterning the LED surface is considered to be crucial. A number of studies related to patterning the LED surface have been done, and demonstrated that patterning led to much improved light extraction efficiency in LEDs. [7] [8] [9] [10] [11] [12] In the present study, the authors proposed a large area, simple process for increasing optical output power of LEDs by introducing sub-micron size patterning on the p-GaN surface of the top-emitting LED structure. Use of a silica colloidal template could be a promising new method for increasing the light extraction efficiency in LEDs. A twodimensional, silica colloidal template was used to etch a pGaN surface to improve the light extraction efficiency of LEDs by randomly patterning the p-GaN surface, and a silica colloidal particle 500 nm in diameter was adopted in order to adequately etch the p-GaN surface. Our approach was based on a layer-by-layer (LbL) structure of charged polyelectrolytes (PEs) and electrostatic forces between the negatively charged silica colloidal particles, and PEs were used for randomly distributing the monolayer of silica colloidal particles and patterning the p-GaN surface. 14, 15) The electrostatic attraction between oppositely charged molecules was used as the driving force for distribution of silica colloidal particles on the p-GaN surface. Optical output power in the patterned LED sample was observed and compared to a reference sample without patterning on the p-GaN surface. This result shows that the random patterning on the p-GaN surface by introducing a two-dimensional silica colloidal template can be helpful for high light extraction efficiency in GaN-based LEDs.
Experiments
Metal organic chemical vapor deposition (MOCVD) was used to grow a GaN-based LED structure on (0001) sapphire substrate. The LED structure was composed of a GaN buffer layer (30 nm), n-GaN (1500 nm), an InGaN/GaN multi quantum-well active layer (150 nm), and p-GaN (350 nm). In order to generate the randomly distributed, 500 nm diameter, monolayer silica colloidal particles and pattern on the p-GaN surface, the wafer was ultrasonically degreased with acetone and isopropyl alcohol for 10 min in each step, and then dried for 30 min at 100 C. Figure 1 (a) illustrates the LbL selfassembly method and Fig. 1(b) shows the PEs which are poly(allylamine hydrochloride) (PAH) and poly(styrene sulfonate) (PSS). The electrostatic attraction between oppositely charged PEs was used as the driving force for distribution of silica colloidal particles on the p-GaN surface. The p-GaN surface was plasma-treated using a reactive ion etching process with O 2 plasma source gas to form a negatively charged p-GaN surface. Then, it was immersed in a positively charged PAH solution and rinsed with de-ionized (DI) water. After rinsing with DI water, the p-GaN surface was immersed in a negatively charged PSS solution, and rinsed with DI water. Finally, the p-GaN surface was immersed in a PAH solution and rinsed with DI water. Here PAH and PSS were dissolved in a 3 M (molarity) sodium chloride (NaCl) aqueous solution to increase the adsorption of silica colloidal particles to the p-GaN surface and multilayer PEs benefit from a more stable and uniform distribution of monolayer silica colloidal particles. 15) Then, the p-GaN surface was immersed in DI water with silica colloidal particles. Silica colloidal particles, 500 nm in diameter, were purchased from the Duke Scientific. The sub-micro scaled particle array could be easily produced over a large area (2-in.) on the p-GaN surface using a reactive ion etching process with Ar/Cl 2 /He plasma source gases. The patterns with an etching depth of 150 and 200 nm were produced on the p-GaN surface over a large area. Residual silica colloidal particles could be easily removed by ultrasonication in DI water for a few seconds. For top-emitting LED structure, a p-electrode with indium tin oxide (400 nm) was deposited on the patterned p-GaN surface. The two-dimensional silica colloidal particles on the p-GaN surface and randomly patterned p-GaN surface were examined by scanning electron microscopy (SEM; Hitachi S-4700). Electrical and optical characteristics were measured using a parameter analyzer (HP4155A) and far-field radiation profiles were performed.
Results and Discussion
The LbL self-assembly method creates multilayered PEs (PAH/PSS/PAH) on the negatively charged p-GaN surface and the external outer layer of the multilayered PEs (PAH/ PSS/PAH) has a positive charge. Silica colloidal particles dispersed in water have a negative charge at the silica colloidal surface, which could be measured by potentials. 15, 16) The electrostatic attraction between the positively charged external outer layer of the multilayered PEs (PAH/ PSS/PAH) and the negatively charged surface of the silica colloidal particle is the driving force for generating a randomly distributed monolayered silica colloidal array as an etching mask to effectively adsorb on the p-GaN surface. Electrostatic attraction force is sufficient for silica colloidal particles to distribute on the p-GaN surface. 15) A monolayered colloidal array composed of silica colloidal particles 500 nm in diameter was adsorbed on the p-GaN surface and distributed uniformly as shown in Fig. 2(a) . Figure 2(b) shows the p-GaN surface after a reactive ion etching process with Ar/Cl 2 /He plasma source gases. The power for the reactive ion etching process was 200 W and the etching rate was 1.5 nm/s. The original round shape of the 500 nm in diameter silica colloidal mask was maintained, and the upside of the silica colloidal mask could be flattened using a plasma etching process. As shown in Fig. 2(c) , residual silica colloidal particles were removed by ultrasonic in DeIonized water. The top-emitting LEDs were tested by chipprobing technique and the patterned p-GaN LED was compared to a conventional LED without a patterning process. The emission wavelength of the top-emitting LEDs was 450 nm and the emission line width was (30 AE 5) nm. Patt-1 and patt-2 refer to the LEDs of the patterned p-GaN surface with an etching depth of 150 and 200 nm and the ref refers to the conventional LED without any patterning, respectively. The values of the forward voltage (V F ) of the patterned p-GaN LEDs were almost the same compared to the LEDs without patterning on the p-GaN surface, which might be associated with the minimized damages induced during the reactive ion etching process. However, the reverse current (I R ) was slightly increased, which might be related to the highly etched depth. Meanwhile, the emission wavelength and the emission line width have not changed when we compared the patterned p-GaN LEDs to the LEDs without patterning on the p-GaN surface, and we concluded that the current was uniformly injected with respect to the patterned p-GaN LEDs, even though the p-GaN thickness of the patterned p-GaN LEDs was inhomogeneous. All electrical characteristics are listed in Table I . The optical output power of the patt-1, the patt-2, and the ref are shown in Fig. 3 . The value of the optical output power for the patt-1, the patt-2, and The increased optical output power for the patterned p-GaN LEDs could be attributed to the increased p-GaN surface area and the multiple scattering at the patterned p-GaN surface that could enhance the escape probability of the photons. Meanwhile, the wall-plug efficiency (¼ wpe ) defined by the power efficiency (optical output power/electrical input power) of patt-1 and patt-2, was increased by 24.2 and 36.7%, respectively, at an injection current of 20 mA, compared to that of the ref.
In association with the measurement of the optical output power, Fig. 4 shows the far-field radiation profiles of the patt-1, the patt-2 and the ref under the same injection current conditions. The angle out of the LED surface is plotted radially and the intensity of the light extraction was detected as a function of the radiation angle. After integration over the angle of 90 AE 75 , an improvement in the light extraction efficiency of patt-1 and patt-2 compared to the ref was obtained and comparing patt-1 and patt-2. As the etching depth was increased, the light extraction efficiency was improved. This indicates that the probability of photons escaping from the LED with patterning on the p-GaN surface is related to the etching depth, which agrees well with Fig. 3 . Thus, it was confirmed that the 500 nm in diameter silica colloidal particles can be used to improve light extraction efficiency in GaN-based LEDs by patterning the p-GaN surface.
Conclusions
The improvement of light extraction efficiency of GaNbased LEDs was investigated by randomly patterning the p-GaN surface. A large area, simple process to produce submicron size patterning on the 2-in. p-GaN surface was attained using a silica colloidal mask, based on the LbL selfassembly method. The p-GaN surface was randomly patterned and the optical output power was improved. The improvement was mainly due to the increased p-GaN surface area and the multiple scattering at the patterned p-GaN surface. These results show that the randomly distributed, two-dimensional silica colloidal mask could be another convenient and promising method for patterning the GaN surface. Currently, we are investigating various geometries of colloidal arrays in order to provide other optical functions. 
